This study was undertaken to determine how photosynthesis tolerates desiccation in an intertidal alga Fucus vesiculosus L. and a terrestrial sunflower Helianthus annum L. Photosynthetic O 2 evolution generally was inhibited at low water potentials (*F W ) but more in sunflower /eaves than in Fucus fronds at the same 9^. As % decreased, less carbon accumulated in an organic carbon store in Fucus. The inhibition of photosynthesis appeared to be mostly biochemical because it could not be prevented by supplying additional CO 2 or by supplying CO 2 from the internal organic carbon store. The inhibition of photosynthesis and carbon storage occurred after turgor disappeared and thus when solute concentrations were increasing in the cells. Solute concentrations were much higher in Fucus than in sunflower. After desiccation to the air-dry state (Y w below -lOMPa), photosynthesis could not recover in sunflower but it recovered rapidly when Fucus was exposed to seawater. The lack of recovery in sunflower was associated with inability to recover turgor probably because of breaks in cell membranes. The ability to recover in Fucus was gradually lost during 1.5 d of desiccation at 45% relative humidity. At lower humidities, recovery was lost sooner as small amounts of water were removed. We conclude that photosynthesis tolerated desiccation more in Fucus than in sunflower because of differences in the molecular environment around the photosynthetic enzymes. Important aspects of this environment were features that prevented membrane breakage but promoted the retention of small amounts of water that were critical for viability.
rate of desiccation is largely under environmental control and may be rapid because most species possess no anatomical structures for retarding water loss (Schonbeck and Norton 1979a) . Terrestrial plants also dehydrate on a daily basis as transpiration removes water from the shoot and lowers shoot water potential (<F W ) until water moves from the soil into the plant (Kramer and Boyer 1995) .
In their review of stress tolerance in intertidal algae, Davison and Pearson (1996) encourage comparisons with terrestrial plants because some of the mechanisms of desiccation tolerance may be similar. However, in terrestrial plants, the water status usually is measured in terms of the W w and its components (Kramer and Boyer 1995) but in algae it is measured as relative water content {RWC) (Gessner and Schramm 1971 , Chapman and Chapman 1973 , Wiltens et al. 1978 , Schonbeck and Norton 1979a , Dring and Brown 1982 , Beer and Kautsky 1992 , Lipkin et al. 1993 . As a result, direct comparisons were not possible and none are currently available. In the present study, we provide a comparison using *F W and its components because *¥ w is based on a single well-defined reference instead of the variable reference states employed by R WC.
Desiccation tolerance varies among plants and is usually determined by the ability of the plant to complete its life cycle and reproduce successfully (Boyer 1996) . However, in order to explore the metabolic reasons behind the tolerance, it is desirable to focus on central metabolic processes such as photosynthesis. Investigations of photosynthesis include an array of metabolic processes necessary for continued viability but also indicate the ability of inorganic carbon to diffuse to the sites of metabolism. If diffusion limits photosynthesis, differences in CO2 acquiring mechanisms could lead to differences in desiccation tolerance. In Fucus, diffusion is from seawater rich in bicarbonate or from air between tides (Kremer 1981 , Bidwell and McLachlan 1985 , Reiskind et al. 1989 , and there is an organic carbon store from which CO 2 can be released internally (Kawamitsu and Boyer 1999) . In sunflower, diffusion is from air through a porous epidermis and there is no significant carbon store. Accordingly, we measured photosynthesis and included an evaluation of the carbon store and the CO 2 diffusion properties of the plants.
Materials and Methods

Plant materials and growth conditions-Fucus vesiculosus L. plants were collected at 4 to 5 d intervals between July and
November from the University property at the Roosevelt Inlet in Lewes, Delaware. The plants had a projected area between 50 and 150 cm 2 and were from a dense stand in the rocky mid-intertidal zone 3-4 h after high tide. Individuals with excessive discoloration, epiphytic contamination, or evidence of rotting or heavy grazing were excluded. The presence of reproductive receptacles was often unavoidable, but kept to a minimum. All holdfast tissue was carefully detached from the substrate, and the sampled plants were stored in the laboratory under low light (10-80 //mol photons m" 2 s ') in 21-22°C seawater for at least 1 h, but no longer than 3 d. Seawater was collected from Roosevelt Inlet or from Indian River Inlet in Delaware. Roosevelt Inlet water was filtered through Whatman filter paper #6, and Indian River water was filtered through one 100 /jm filter and two 10//m filters. Desiccation was imposed in air at 21-25°C, 40-45% relative humidity (RH) and 10-30 //mol photons m 2 s ' of photosynthetically active radiation (PAR) in the laboratory unless indicated otherwise.
As a comparison, sunflower plants (Helianthus annum L. cv. IS897; seeds from Interstate Payco Seed Co., West Fargo, ND) were grown from seed in a controlled environment chamber. Growth conditions were day/night temperature of 25/20±l°C, day/night RH of 60/90 + 5%, photon flux density of 780-800 //mol photons m 2 s 1 PAR from very-high-output cool-white fluorescent lamps, and daylength of 14 h. The plants were grown for four weeks in a soil mixture consisting of 1 : 1 : 1 soil: peat: perlite (pH 6.5) and were watered as needed with nutrient solution containing 6 mM Ca(NO 3 ) 2 , 4 mM KNO 3 , 2 mM KH 2 PO 4; 2 mM Desiccation tolerance-In order to establish the response of photosynthesis to various amounts of desiccation, it was necessary to keep tissue surfaces away from water so that vapor pressure and water content measurements could be made afterward. Accordingly, photosynthetic O 2 evolution was assayed in Fucus or in sunflower in air using a gas phase O 2 electrode (Delieu and Walker 1981) according to Kawamitsu and Boyer (1999) . The electrode chamber had a gas volume of 5 cm 3 (Model LD-2; Hansatech, Norfolk, U.K.). The electrode had a linear output when calibrated with various mixtures of N 2 and air. Apical segments of thallus or discs from leaves 7 and 8 (from the plant base) were blotted with tissue paper and placed inside, then equilibrated for at least 5 min. During the equilibration, the tissue was exposed to PAR and water-saturated flowing air. The CO 2 partial pressure of the incoming air was controlled by mixing CO 2 -free air (containing 21 % O 2 , balance N 2 ) with air containing 60% CO 2 (containing 21% O 2 , balance N 2 ). Saturating the air minimized desiccation and did not rehydrate the tissue significantly. The equilibration activated photosynthesis and allowed the tissue temperature to come to 25°C (measured with a thermocouple of 0.1 mm diameter contacting the underside of the tissue in the chamber). After the equilibration, the measurement was begun by sealing the inlet and outlet ports of the chamber and noting the rate of increase in O 2 concentration inside. Photosynthesis rates were expressed on the basis of the projected area of the sample.
Tissue water status-The water status of the tissue was measured immediately after the O 2 electode measurements by removing the tissue from the electrode chamber and placing it in a sealed vapor chamber. The *F W of the sample was determined in the vapor chamber using the isopiestic method and an isopiestic thermocouple psychrometer (Isopiestics Company, Lewes, DE) according to Boyer (1995) . The method measures *F W at thermodynamic equilibrium and thus has the advantage of high accuracy and avoidance of calibration errors (Boyer 1995) . The reference for the method is pure free water at atmospheric pressure and the same temperature as the sample, and is defined to have a *F W of zero.
For purposes of comparison, the relative water contents (RWC) also were measured. After the O 2 electrode assays, the sample was removed from the O 2 electrode chamber and its fresh weight F was determined immediately. The sample then was placed in seawater at room temperature for 24 h (Fucus) or in water at 4°C for 6 h in the dark (sunflower), blotted, and again weighed to obtain the hydrated weight H. After this weighing, the sample was dried in an oven at 80 °C for 24 h and weighed to obtain the dry weight D. The relative water content (R WC) was calculated in percent as: Whenever desiccation was sufficient to eliminate y p , the *F W became a measure of <F S . In this condition, the relationship between *P W and the cell solute concentration should follow the van't Hoff approximation for dilute solutions (Boyer 1995) :
here R is the gas constant (MPa m 3 mol ' K 1 ), T is the Kelvin temperature (K), Cis the solute concentration (mol m 3 ), n s is the quantity of solute (mol) and V is the volume of water (m 3 ). Expressing Eq. 3 as a reciprocal:
gives the equation of a line with slope -l/RTn s . The line represents 1/*F S of the cells at each V provided that RTn s is constant, which should have been true for this study (Scholander et al. 1965 , Boyer 1995 . The Fwas estimated in relative terms from R WC for the tissue according to Eq. 1. The linear portion of the relationship was extrapolated to other R WC to obtain the *P S at any RWC.
Recovery after severe desiccation: storage for various timesIn order to investigate the ability of photosynthesis to recover upon rehydration, O 2 evolution of sunflower and Fucus was measured in the gas phase electrode (Delieu and Walker 1981) during desiccation and recovery from the air-dry state. Disks from a recently matured leaf or thallus were excised, blotted, weighed and assayed for O 2 evolution immediately. The disks were desiccated in the laboratory at 23°C, 40-45% RH, and PAR of 30//mol photons m~2 s"
1 . The progress of desiccation was measured from the fresh weight of the disk, and O 2 evolution was measured between weighings. After the disks became air-dry, they were submerged in water (sunflower) or seawater (Fucus) to allow re-hydration, and O 2 evolution was re-measured in the gas phase electrode. For all measurements in Fucus and sunflower, photosynthesis rates were expressed on the basis of the original projected tissue area.
In addition, for Fucus, the effects of storage in the air-dry state were determined. During these experiments, we avoided desiccation of cut surfaces of the tissue by working with whole plants. Photosynthetic O 2 evolution was measured in seawater using a specially constructed apparatus for whole plants ( Fig. 1 ) instead of the gas phase O 2 electrode. A plant was rinsed in seawater and laid flat in the circular brass chamber (Fig. 1) . A transparent Plexiglas cover was attached and sealed by a latex tubing ring. The chamber was linked with tubing to a modified glass test tube housing a polarographic O 2 electrode (YSI 5331, Yellow Springs Instrument Co., Yellow Springs, OH), and to a copper coil immersed in a refrigerated circulating bath for temperature control (Endocal RTE-4, Neslab Instruments, Portsmouth, NH). The apparatus was filled with seawater, creating a closed, circulating seawater system with a total volume of 270 cm 3 of which 250 cm 3 were in the chamber. The seawater was circulated at a rate of 275 cm 3 min ' by a magnetic drive pump (March AC-2CP-MD, March Manufacturing, Glenview, IL), and the temperature was controlled at 20°C. The PAR reaching the plant was 650yumol photons m" 2 s ! filtered by placing an infrared mirror and 8.5 cm of water in front of the quartz iodide lamp. A spectral analysis of this light source, including mirror and water, indicated that the radiation was nearly all between 400 and 750 nm, and near infrared was virtually absent (Sheoran and Boyer 1989) .
For the photosynthesis measurements, seawater was partially degassed under vacuum for twenty minutes before filling the system, which kept the initial O 2 concentration below 75 mmol m~3. After an acclimation period of 2 min in the light, measurements were made at O 2 concentrations between 30 and 180 mmol m~3, which were below saturation of 215 mmol m 3 . Tests showed that photosynthesis was so little inhibited by the higher O 2 concentrations in this range that the effect was ignored. The system was replenished after each measurement by draining and replacing with fresh degassed seawater. The rate of net photosynthesis was determined from the rate of increase in O 2 concentration with time. The O 2 electrode responded linearly and was routinely calibrated against nitrogen-and air-saturated seawater (Green and Carritt 1967) . O 2 evolution was first assayed in seawater after which the plants were subjected to desiccation until they were air-dry. They were stored for varying times at 23°C, 40-45% RH, and PAR of 30^mol photons m~2s~1 in the laboratory, then returned to seawater. After 2 h of rehydration, O 2 evolution was measured again. To avoid after-effects of desiccation, each plant was exposed to only one desiccation-storage-rehydration event. Control plants were treated identically but were kept in seawater (replenished every 6 h).
Recovery after desiccation: storage at various humidities-In
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Fig. 1 System for measuring O 2 exchange in a whole macroalgal frond in seawater. Before a measurement, the alga was sealed in the assimilation chamber and the system was filled with partially de-gassed seawater by opening the stopcocks at the inflow source and outflow. During the measurement, the stopcocks were oriented so that flow occurred only through the loop, making a closed circuit between the assimilation chamber, oxygen electrode, pump and water bath. After the change in O 2 concentration was measured in the loop, the system was drained into the waste flask.
Fucus, photosynthesis was measured as described above but after recovery from storage at various RH. In order to accurately control RH during the storage, the plants were laid flat on a mesh in a controlled-environment gas exchange system described by Martin et al. (1981) . The temperature inside the chamber was controlled by water from a refrigerated circulating bath running through coils in the chamber sides. A small rotary fan mixed the air inside the chamber. A thermocouple measured the air temperature and a chilled mirror hygrograph (Dew-10, General Eastern, Watertown, MA) determined the dew point. For RH control, air was pumped from the chamber to a condenser cooled with a water-ethylene glycol mixture, and back to the chamber. The condenser temperature was measured with a second thermocouple. The temperature and dew point of the chamber were held constant by proportioning controllers that regulated the temperature of the water in the walls of the chamber and the flow of air through the condenser. The temperature was 25°C and PAR was 10-30 fimol photons m 2 s ' during the desiccation. The plants were stored in the desiccated state for 12 h. A constant rate of desiccation was achieved by decreasing the RH in steps until the final RH was reached, and each step was identical for all tissues. The 12 h storage was measured from the beginning of the first step in order to be identical for all treatments. At the end of storage, the tissue was rehydrated in seawater for 2 h and photosynthetic O 2 evolution was assayed as in Fig. 1 . Control plants were treated identically but kept in seawater for 12 h. The photosynthesis rates were analyzed for significant differences from control rates using the Student's t-test at a level of 0.05. RWC were analyzed for significant differences from each other by oneway analysis of variance (ANOVA) followed by Tukey's multiple comparison test at a level of 0.05.
Results
Desiccation tolerance-During measurements of R WC, attempts to use water to hydrate Fucus did not give stable results. The tissue gained about 50% in fresh weight over several days after which there was negligible O 2 evolution, and the tissue was disintegrating. Using seawater to hydrate Fucus but water to hydrate sunflower maintained high rates of O 2 evolution in both species ( Fig. 2A) . After hydration, a slight desiccation caused a constant or possibly increasing rate of O 2 evolution in both, but an inhibition was apparent below 70% RWC. The inhibition was more severe in sunflower than in Fucus, and most O 2 evolution had been lost by 40% R WC in sunflower but lower than 20% RWC in Fucus. On a *P W basis (Fig.2B) , sunflower growing in hydrated soil had active O 2 evolution at -0.4MPa and steeply declining O 2 evolution as *F W decreased. At a f w of -2 MPa, the rate was only 10% of the hydrated rate. By contrast, a *P W of -2.4 MPa in Fucus gave maximum O 2 evolution (seawater had 5P W of -2.4
MPa measured with the psychrometer). O 2 evolution declined gradually as *F W decreased, becoming fully inhibited only below -10 MPa.
These differences were related to the osmotic properties of the tissue (Fig. 3) . At high RWC measured in water for sunflower and seawater for Fucus, *F P was about 0.6 MPa in sunflower but 0.1 MPa in Fucus (calculated from Fig. 7 ). In Fucus, lethal *P W were below -1 0 M P a (below 7% RWC, see Fig. 9 ). In addition to these effects, an increased diffusion barrier against CO 2 possibly could have inhibited photosynthesis as the tissues desiccated. We increased the CO 2 concentration around the plant in order to cause CO 2 to diffuse more rapidly through the barrier and return activity toward control rates. However, the inhibition of O 2 evolution remained in Fucus (Fig. 4A) and sunflower ( even when concentrations were raised to levels that were themselves inhibitory (above about 10% CO 2 in Fucus, 3% in sunflower). Higher concentrations of CO 2 were necessary to saturate photosynthesis in Fucus than in sunflower perhaps because of water films within the Fucus samples. It is noteworthy that Fucus carried on slow O 2 evolution in CO 2 -free air but sunflower did not (cf. Fig. 4A , B on the Y-axes). This confirmed that Fucus accumulated carbon as an internal source of CO 2 for photosynthesis in CO 2 -free air, allowing O 2 evolution to continue (Kawamitsu and Boyer 1999). Sunflower showed no evidence for this accumulation (Kawamitsu and Boyer 1999) . In Fucus the stored carbon was detectable as a gradually decreasing O 2 evolution after CO 2 was removed from the air around the tissue (Fig. 5) . When the *F W was high, the store supported O 2 evolution initially at 7//molm~2s~1 or about 25% of the rate in 1 % CO 2 , and the rate gradually declined thereafter. The rate decreased to zero after about 2 h and could be re-established if the tissue was re-exposed to CO 2 (Kawamitsu and Boyer 1999) . Compared to the hydrated tissue, this store became smaller as the tissue desiccated (Fig. 5, area tissue in CO 2 -free air), whether the tissue was desiccated progressively and assayed repeatedly (Fig. 5A ) or was desiccated and assayed only once (Fig. 5B) . In a similar fashion, the release of CO 2 to photosynthesis was slower when the tissue was desiccated (O 2 evolution slower in CO 2 -free air, Fig. 5 ). Because the carbon store appeared to be organic and was part of photosynthetic metabolism (Kawamitsu and Boyer 1999) , it seemed likely that the decreased store would reflect the activity of photosynthesis. In agreement with this prediction, O 2 evolution in CO 2 -free air decreased in proportion to the decrease in photosynthesis in CO 2 -containing air as desiccation progressed (Fig. 6) . Recovery after severe desiccation: storage for various times-Rehydration in seawater reversed the inhibition of photosynthesis in Fucus tissue. Figure 7A shows that, after desiccation to 6% RWC for a short time, O 2 evolution became undetectable in Fucus. When seawater was resupplied, the tissue rehydrated within 10 min and RWC recovered to nearly 80% in 1 h. O 2 evolution recovered similarly. By contrast, rehydration after desiccation to 9% or sunflower (B) were desiccated and placed back in seawater or water, respectively. Measurements were made in a single sample of tissue that was progressively desiccated, then rehydrated. Sunflower did not regain turgidity and appeared water soaked upon rehydration whenever desiccation occurred at R WC of 40% and below. O 2 evolution was measured in a gas phase O 2 electrode in PAR of 1,000 jumol photons m~2 s~1, O 2 concentration of 21%, CO 2 concentration of 1%, and tissue temperature of 25°C. The experiment was replicated three times with similar results. (Fig. 7 , note difference in x-axes). There was no photosynthetic recovery in sunflower (Fig. 7B) . Although the sunflower leaf discs gained weight after soaking in water for 2 h (Fig. 7B) , the tissue did not regain turgidity and looked completely translucent, water saturated, and flaccid. In this experiment and the following ones, desiccation was too severe to be measured as W w . Therefore, desiccation is expressed in terms of RWC.
RWC in sunflower took longer than in Fucus
We tested the stability of the recovery ability of Fucus by measuring recovery after the whole plant was stored for various times in the air-dry state. The recovery was determined by rehydrating the plant in seawater for 2h and measuring O 2 evolution in seawater (Fig. 1) . Using this assay, we found that plants gradually lost most of their recovery ability (Fig. 8) . After 32 h in the air-dry state, O 2 evolution recovered to only 10% of the control rate. Despite the lack of photosynthesis, the tissue R WC always recovered to 80 to 100% (data not shown). This experiment could not be done in sunflower because there was no photosynthetic recovery from severe desiccation.
Recovery after desiccation: storage at various humidities-The gradual loss of photosynthetic recovery in
Fucus could have been caused by a gradual loss of water from the tissue after progressively longer times in the airdry state. If so, desiccation for a constant time would be more damaging at low humidities than at high humidities. We tested this hypothesis by assaying recovery after desiccation for 12 h at various RH between 5% and 80%. Desiccating the plants by decreasing the RH in identical steps for all tissue kept initial rates of desiccation identical for all treatments, thus avoiding any possible influence of initial desiccation rate (Fig. 9A) . Plants desiccated to R WC of 7% (RH of 60%) showed complete recovery after 2 h of reimmersion in seawater ( Figure 9B ). When the plants were The numbers 1 to 6 beside the points correspond to humidity treatments 1 to 6 in (A). R WC was measured at the end of the desiccation period. O 2 evolution was measured at the end of the 2 h rehydration period in seawater in the apparatus of Fig. 1 , using PAR of 650 //mol photons m 2 s ! and temperature of 20°C. Control rates were measured in the same plants before desiccation and were 5-6 jumol O 2 m~2 s" 1 . Data are means±5% confidence interval. desiccated to RWC below 7%, (RH of 40% and below), recovery was progressively lost. At a final RH of 5% and RWC of 5%, recovery scarcely occurred.
Discussion
Measuring desiccation tolerance-Our data show that photosynthesis tolerated desiccation much more in Fucus than in sunflower. The tolerance was evident in the higher rates of photosynthesis in Fucus than sunflower at the same tissue *F W . It also was apparent when photosynthesis recovered from severe desiccation in Fucus but not sunflower. Because the differences during desiccation were seen at the same Y w , they were controlled at the cellular level. The *P W is based on an identical, physically defined reference for all species and materials, and the chemical potential of the water in the tissue was identical for comparisons at the same ¥V As a result, the differences in photosynthesis were ascribable only to the ability of photosynthesis to function in the molecular environment of the identically desiccated cells.
For comparisons based on water content, the differences were smaller than for *F W . The R WC used a different biological reference for the two species for biological reasons, i.e., seawater for Fucus and water for sunflower. Seawater was lethal for sunflower because of its low *P W (and possible ion toxicities), but was favorable for Fucus. Conversely, water was lethal after a few days for Fucus but fully hydrating for sunflower. As a consequence, comparisons based on RWC were distorted by these differences. Similar arguments can be made for comparisons among closely related species or individuals from the same species. Plants exposed to different growth conditions may exhibit structural differences that cause the hydrated reference state to vary and thus obscure the comparative value of the RWC. The f w avoids these problems and thus is preferable for these kinds of comparisons.
Mechanisms of tolerance-At the same time, changes in R WC are the primary means of measuring the concentrating effect of water loss in an individual plant, and the R WC is important for assessing the osmotic properties of cells. For sunflower and Fucus, these properties clearly differed. Sunflower contained higher *F P than Fucus, but the *F P disappeared as !P W decreased, and the losses in photosynthesis occurred mostly afterward when only ¥" was changing. Therefore, desiccation-induced losses in photosynthesis were correlated with increases in cell solute concentrations (see Eq. 3). By the time lethal RWC had been reached, the *F S was below -10 MPa in Fucus and the cell solute concentration had reached more than 4 M (-2.4 MPa=lmol). In sunflower, lethal *P S was around -2.5 MPa and the cell solute concentration was only 1 M. These massive differences indicate that the molecular environment around the chloroplasts was markedly different between the two species.
The differences in concentration were present inside the cells because they were based on the osmotic/volume properties of the cells themselves. The differences indicate that the composition of the cell interior must have differed. In sunflower, the photosynthetic response to desiccation is altered by inorganic ions, especially Mg 2+ and K + whose concentrations increase as water is lost around key chloroplast enzymes (Younis et al. 1979 , 1983 , Berkowitz and Whalen 1985 , Rao et al. 1987 , Kaiser 1987 , Boyer 1990 . Little is known about the chloroplast ion concentrations in Fucus. However, the sugar composition probably differed because mannitol is the prevalent form of transport and storage of photosynthate in fucoid algae (Manley 1983 , Diouris 1989 ) but sucrose plays the same role in sunflower (Yancey et al. 1982) . Such differences in composition have been generated transgenically in tobacco. Plants over-producing mannitol appeared to tolerate salinity more than the normal sucrose-producing genotype (Tarczynski et al. 1993) .
Losses in photosynthesis can be caused by decreased CO 2 transport but our experiments indicate that transport was less important than photosynthetic biochemistry for desiccation tolerance. The epidermis of Fucus contains abundant chloroplasts (McCully 1968) likely to be active in fixing CO 2 . CO 2 fixation in seawater depends on CO 2 released from the bicarbonate by carbonic anhydrase on the external surface of the thallus tissue as well as the interior of the cells (Haglund et al. 1992 ). The fixation appears to involve a pump for inorganic carbon (Sand-Jensen and Gordon 1984 , Surif and Raven 1989 , Raven 1991 ) that works in parallel with an organic store of carbon releasing CO 2 for photosynthesis (Kawamitsu and Boyer 1999) . As a result, for any concentration of inorganic carbon at the tissue surface, photosynthesis in seawater is controlled largely by biochemical reactions occurring at the surface and interior of the cells. This is in contrast to sunflower, where there is no evidence for a pump for inorganic carbon or a store of organic carbon (Kawamitsu and Boyer 1999) . CO 2 diffuses through stomata in the epidermis to chloroplast-containing mesophyll cells underneath, where it dissolves in the water in the cells. In sunflower, the first part of the process is thus physical rather than biochemical.
Our experiments supplied CO 2 to both species, forcing photosynthesis to rely on CO 2 diffusion from the atmosphere. Both species showed diminishing rates of water loss as desiccation developed, indicating that gas diffusion was increasingly restricted. We overcame this restriction by increasing the external CO 2 and causing more rapid CO 2 movement into the tissue. However, photosynthesis did not return to control rates. The lack of complete recovery was not caused by a lack of CO 2 entry because we raised the concentration high enough to be itself inhibitory for photosynthesis. Graan and Boyer (1990) found similar results when feeding high CO 2 to sunflower.
In order to explore the role of CO 2 diffusion, Lauer and Boyer (1992) directly measured the internal CO 2 concentrations of sunflower leaves when the plants were deprived of water. As leaf *F W decreased, internal CO 2 remained nearly unchanged or increased. This indicated that diffusion through the epidermis was not limiting for photosynthetic activity, and the biochemical demand for CO 2 had diminished more than CO 2 transport. In Fucus, we measured O 2 evolution in CO 2 -free air rather than measuring internal CO 2 . Photosynthesis relied solely on the internal organic store, which supplied the CO 2 for photosynthesis (Kawamitsu and Boyer 1999) . Diffusion of CO 2 into the tissue did not occur and could not have been a factor in the experiment. We observed a decrease in pho-tosynthesis as desiccation occurred, indicating that biochemical activity had been inhibited. Because the decrease was in proportion to that when external CO 2 was present, biochemical activity appeared to be limiting under all conditions. Therefore, in both species, the evidence indicates that the differences in desiccation tolerance were determined mostly at the biochemical level.
Mechanism of recovery-Possible mechanisms that affected the biochemical activity were revealed by the rehydration experiments. When sunflower was desiccated to the air-dry state, the tissue lost the ability to regain turgor when exposed to water, although the tissue became water soaked. Using transmission electron microscopy to view the mesophyll cells in these leaves, Fellows and Boyer (1978) found breaks in the plasmalemma and tonoplast that accumulated as the leaves were subjected to progressively lower Y w . The breaks caused lysis that was lethal for the cells and prevented turgor from being formed. The lack of photosynthetic recovery probably was attributable to this lysis.
By contrast, Fucus rehydrated readily from the same conditions, and it recovered photosynthetic activity. However, the cellular conditions providing this tolerance were not permanent. Fucus lost most of its tolerance within 32 h of storage in the air-dry state. Similar losses were reported for Porphyra linearis but required several days (Lipkin et al. 1993) . Bell (1993) showed that storing desiccated tissue at high temperatures accelerated the loss in Mastocarpuspyrifera. Others reported a recovery of RWC but not photosynthesis in various species of rehydrating intertidal algae (Gessner and Schramm 1971 , Schonbeck and Norton 1979b , Hodgson 1981 , Bell 1993 , Davison et al. 1993 , Einav and Beer 1993 , Lipkin et al. 1993 . In our work with Fucus, the RWC always recovered. The photosynthetic recovery was thus controlled by other factors.
We explored this control by exposing the tissue to very low RH, which accelerated the loss in recovery ability. The effect was not caused by faster drying because desiccation was imposed at the same rate during the initial exposure to low RH and only the extent of desiccation varied. The results showed that the lowest RWC were critical, indicating that a small fraction of water was essential for tolerance. The fraction was present at 7% RWC but nearly absent around 5% RWC. Careri et al. (1986) showed that much of the water present in F. vesiculosus and Ascophyllum nodosum is loosely bound to the cellular matrix and is rapidly lost during desiccation. A small fraction remained that was tightly bound to the matrix. Careri et al. (1986) postulated that tissue viability may depend on this water, and Rupley et al. (1983) considered this fraction to maintain membrane integrity and enzyme structure. Applying their concept to our data, the critical fraction was about 2% of the water normally present in Fucus and was lost below 7% R WC. It may be significant that fucoid algae contain dehydrin-like proteins that vary in abundance when the plants are exposed to various salinities (Li et al. 1998) . These proteins are members of a group of proteins in desiccation tolerant tissues of land plants that appear to have a role in stabilizing membranes and enzymes when water contents are very low (Xu et al. 1996 , Close 1997 .
The large anatomical differences between sunflower and Fucus probably had less effect than these metabolic factors. In sunflower, the cuticle-coated epidermis decreased rates of gas diffusion and thus water loss compared to Fucus, which had no obvious surface features for retarding gas diffusion (McCully 1968, Schonbeck and Norton 1979a) . Nevertheless, Gessner and Schramm (1971) reported that the rate of water loss did not affect the degree of damage in Ulva lactuca or F. vesiculosus. Dorgelo (1976) and Dromgoole (1980) concluded that rates of water loss did not determine the vertical position on the shore for a number of intertidal macroalgae. Moreover, under natural conditions, others report lower water contents for survival as vertical height increases among intertidal species, suggesting that the degree of desiccation was important (Gessner and Schramm 1971 , Liming 1990 , Einav and Beer 1993 , Davison and Pearson 1996 . Our data are consistent with these concepts, and it appears that the structural differences between sunflower and Fucus served mostly to delay desiccation in sunflower but not to generate the differences in desiccation tolerance.
Among different intertidal species, the extent of recovery of photosynthesis shows a positive correlation with vertical height in the intertidal zone (Smith and Berry 1986 , Brown 1987 , Beer and Kautsky 1992 . Provided that the tide returns within a few h, the critical hydration for survival in Fucus may not be reached and complete recovery may take place. However, if fully exposed plants remain air-dry for about 2 d, our data imply that the plants would be unable to carry on photosynthesis when the tide returned. This limitation may contribute to the zonation of the Fucus community in the intertidal zone.
